Microsatellite loci were isolated for the first time for the deep-sea coral Desmophyllum dianthus, using 454 GS-FLX Titanium pyrosequencing. We developed conditions for amplifying 24 markers in 10 multiplex reactions. Three to 16 alleles per locus were detected across 25 samples analyzed from Santa Maria di Leuca coral province (Mediterranean Sea). For the 24 polymorphic loci, observed and expected heterozygosities ranged from 0.211 to 0.880 and 0.383 to 0.910, respectively; 3 loci deviated from Hardy-Weinberg equilibrium, after null allele and sequential Holm-Bonferroni corrections. These newly isolated microsatellites are very useful genetic markers that provide data for future conservation strategies. Cross-amplification of these microsatellites, tested in 46 coral species, representing 40 genera, and 10 families of the phylum Cnidaria, produced informative allelic profiles for 1 to 24 loci. The utility of extending analyses to cross-species amplifications is also discussed.
The azooxanthellate stony coral genus Desmophyllum Ehrenberg, 1834 (Anthozoa, Scleractinia) is included in the family Caryophylliidae based on morphological characters (Esper, 1794) and molecular analyses (Cuif et al. 2003; Addamo et al. 2012) . At the present, the genus Desmophyllum is considered to include 3 nominal species, that is, Desmophyllum dianthus (Esper, 1794) , D. quinarium Tenison-Wood, 1879 , and D. striatum Cairns, 1979 (Roberts et al. 2009 ). Whereas the latter 2 species present quite a restricted geographic distribution, D. dianthus (syn. D.cristagalli) is almost cosmopolitan, with the exception of Antarctic and Arctic waters. D. dianthus presents a considerable geological antiquity being documented in the Mediterranean basin since the Miocene (Taviani et al. 2005; Vertino et al. 2014) . Interestingly, this solitary species displays a pseudocolonial habit, an unusually large clumps of specimens, could be found in Antarctic and Mediterranean Sea as well (Cairns 1982; Taviani et al. 2011a ). In the Mediterranean Sea, D. dianthus is frequently associated with other cold-water coral (CWC) reef-building species, such as Lophelia pertusa and Madrepora oculata, often contributing to the "white coral" reef framework Taviani et al. 2011b ). These coral buildups provide a complex 3-dimensional structure with several ecological niches for a large biodiversity of associated micro-and macrofauna (Rogers 1999) . They also act as a refuge for prey and as a spawning and nursery area for a variety of species, including some of notable economic interest (Tursi et al. 2004) .
D. dianthus mostly occurs in the upper bathyal zone (common depth range of 200-2500 m); see Zibrowius 1980; Roberts et al. 2009 ). Deep corals are often found in fjords ecosystems, but a surface layer of dark freshwater and the deep water forced into the shallows by the narrowing of the fjord walls, allowed these corals to grow in much shallower water than usual. Thus, regard to D. dianthus, records at shallower depths exist for New Zealand fjords from depths of 20 m (Grange et al. 1981) and Chilean fjords from depths of 8 m, where D. dianthus is exposed to variable water chemistry gradient conditions and is found in an unusual symbiosis with the microendolithic phototrophic alga Ostrobium quecketii (Försterra and Häussermann 2008) . The microboring phototrophic green alga O. quecketii lives under the tissue of the host D. dianthus, and protection from grazers may be of major importance for the endoliths. But the O. quecketii requires making exchanges with the water column through the polyp tissue. The close contact with corals inevitably also includes exchange of metabolites with the host tissue. These characteristics suggest a putative facultative and mutualistic ectosymbiosis (Försterra and Häussermann 2008) .
Although scientific and conservation interest regarding CWC has expanded rapidly, information on their basic life history patterns is still rather scant, partly reflecting the difficulty of cross-season sampling of cold water corals habitats, with few exceptions (e.g., L. pertusa; Brooke and Järnegren 2013) . Therefore, our current knowledge of deep-water coral species is largely restricted to some information about ecophysiology (e.g., Naumann et al. 2011) , recruitment periodicity, growth and mortality rates (Sorauf and Jell 1977; Risk et al. 2002; Adkins et al. 2004; Thresher et al. 2011) , and reproductive biology (e.g., Waller et al. 2005) .
As one of the most common and widely distributed deep-sea corals, D. dianthus is a target species as model to study oceanographic-climatic variability by deciphering geochemical signals encoded within its skeletal aragonite (Montagna et al. 2011) , and CWC response to Ocean Acidification (Maier et al. 2012) . However, despite its ubiquity, little is known about the ecology, biology, and reproductive patterns of this species (Thresher et al. 2011) .
In contrast to structure-forming colonial species, which are generally gonochoristic broadcast spawners (Veron 2000) , cold-water solitary scleractinians, such as Flabellum sp. (Mercier et al. 2011; Waller and Tyler 2011) , Caryophyllia sp. (Waller et al. 2005) , and Fungiacyathus sp. (Waller et al. 2002; Flint et al. 2007) , have various reproductive strategies, including hermaphroditism, gonochorism, brooding, and broadcast spawning (Dahl et al. 2012) . The spatial distribution of genetic diversity in natural populations depends on the species' mode of reproduction, and coral species often have a mixed strategy of sexual and asexual reproduction. Determining the spatial genetic structure within and among cold-water coral populations is crucial to understanding population dynamics, assessing the resilience of cold-water coral communities, and estimating genetic effects of habitat fragmentation for conservation strategies (Morrison et al. 2011; Dahl et al. 2012) .
Microsatellite markers are hypervariable regions of the genome that are particularly useful for population genetics studies. These markers provide high resolution data on population structure, which may provide insight into reproductive strategies, larval dispersal, and recruitment of the species (Underwood et al. 2006 ). To gain a basic biological understanding of this species, and to provide a new tool to aid in its sustainable management, we have developed a set of microsatellite markers for D. dianthus. We isolated and screened microsatellites using a multiplex-enriched library with the 454 GS-FLX Titanium pyrosequencing platform. High-throughput sequencing techniques, such as pyrosequencing, are powerful tools for isolating new markers in genomes that have not been sequenced (Martin et al. 2010) . This procedure has been readily and successfully applied to a large variety of taxonomic groups (Malausa et al. 2011 ).
Material and Methods

Samples and DNA Extractions
Live D.dianthus specimens were collected in the Ionian Sea from Santa Maria di Leuca coral province Taviani et al. 2011b ) during cruise CORSARO (2006), on board the RV Urania. Specimens here analyzed were initially preserved in 80% ethanol at 4 °C on board, prior to being stored in absolute ethanol in the laboratory.
All necessary permits were obtained for the described field studies. This study did not involve endangered or protected species listed in the IUCN Red List of Threatened Species.
A complete table of information for all species used in this study can be found in the Supplementary Table 1a and 1b.
Genomic DNA (gDNA) for pyrosequencing was extracted from the mesenteric tissue of a single D. dianthus specimen using the QIAGEN BioSprint 15 DNA Blood Kit (Qiagen Iberia S.L., Madrid, Spain), with slight modifications, including the optional RNase treatment and an extended period of proteinase K lysis (overnight incubation at 55 °C). DNA concentration was measured using a Nanodrop 1000 (Thermo Scientific). For microsatellite characterization, gDNA was extracted from mesenteric tissue as above. DNA concentration was quantified using the Qubit 2.0 Fluorometer and diluted to a final concentration of 2 ng/µL.
GS-FLX Pyrosequencing
The genomic library was constructed at the Cornell Evolutionary Genetics Core Facility (EGCF, Ithaca, NY, USA). Five micrograms of gDNA were digested completely with a restriction enzyme (5-base cutter) to generate blunt-end fragments. Linkers were ligated to the digested DNA, and the resulting fragments were enriched for microsatellites by hybridization to and magnetic capture of biotinylated repeat probes (representing 2 unique dimers-GT and TC; 5 unique trimers-TTC, GTA, GTG, TCC, and GTT; and 5 unique tetramers-TTTC, GATA, TTAC, GATG, and TTTG).
Enriched genomic fragments captured by streptavidin-coated magnetic beads were then amplified by polymerase chain reaction (PCR), ligated to Roche/454 Titanium Multiplex Identifier (MID) adapters and size fractionated in an agarose gel.
Libraries with unique adapters were pooled, and sequences were generated with Roche/454 GS-FLX Titanium reagents, protocols, and hardware. MID-sorted 454 reads were trimmed of adapter sequences and assembled with SeqMan Pro (DNASTAR). Consensus files and singleton reads were exported as FASTA files and used to detect microsatellites.
Microsatellite Discovery
To isolate microsatellites and design primers for population genetic analysis, we used the programs QDD2 (Meglécz et al. 2007 ) and MSATCOMMANDER 0.8 (Faircloth 2008) . We searched for simple sequence repeats (SSR) with a minimum of 10 perfect motif repeats for di-and trinucleotides, and at least 8 perfect motif repeats for tetra-, penta-and hexanucleotides. To design PCR primers, we used the PRIMER 3 package (Rozen and Skaletsky 2000) implemented in QDD2 and MSATCOMMANDER using default settings, except for the minimum flanking distance between primer and microsatellite (set to 20 bp) and the minimum and maximum PCR product size (set to 100-400 bp).
Primer Testing
A total of 94 primer pairs were selected as potential microsatellite markers. The gDNA of 25 specimens from 12 different locations in the Mediterranean Sea and Atlantic and Pacific oceans were initially used to test for successful PCR amplification by visualizing amplified products on 2% agarose gels, and evaluating the scorability of genotyped loci. As performed for the southern geoduck Panopea abbreviata (Ahanchédé et al. 2013) , PCRs were carried out in a total volume of 10 µL with 1× PCR Biotools Standard Reaction Buffer including 2 mM MgCl 2 , 0.5 µM forward and reverse primers, 0.2 mM of each dNTP, 1.5U DNA polymerase (Biotools), and 2 ng of template DNA. PCR amplifications were performed in a Veriti TM Thermal Cycler (Applied Biosystems) with a standard profile: an initial denaturing step of 94 °C for 3 min, followed by 35 cycles of 30 s at 94 °C, 30 s annealing at 56 °C, and 30 s extension at 72 °C, and a final extension of 10 min at 72 °C. When this profile did not amplify a specific PCR product, we tested 3 other annealing temperatures (T A 50 °C, 52 °C, or 60 °C) with the same cycling conditions.
Of the 94 potential loci tested, 70 were excluded due to PCR failure, monomorphism, or multiple peak profiles. Twenty-four microsatellite markers produced clear electropherogram patterns. These were selected for multiplex PCR and genotyping of 25 Santa Maria di Leuca individuals to evaluate polymorphism and population genetic parameters. Five of the amplified and genotyped microsatellites were tetranucleotide repeats, while 19 were trinucleotide repeats. These were organized in 1 tetraplex, 5 triplex, and 4 duplex by Multiplex Manager 1.0 (Holleley and Geerts 2009) (Table 1) .
Multiplex PCRs were performed in a total volume of 10 μL, which included approximately 2 ng of DNA, 1× Qiagen Multiplex PCR Master Mix (Qiagen, Hilden, Germany), and 3 mM MgCl 2 . Tagged primer concentrations ranged from 0.5 to 0.8 mM. To facilitate genotyping, the forward primer from each primer pair was fluorescently 5′ end labelled with either 6-FAM, NED, VIC, or PET, while reverse primers were pig-tailed with 5v-GTTTCTT-3′ (Brownstein et al. 1996) . The cycling profile began with an enzyme activation step at 95 °C for 15 min (per Qiagen Multiplex PCR kit specifications), followed by 35 cycles of 30 s at 94 °C, 90 s annealing at 56 °C (except for DdL24, Dd90, and Dd98, which used an annealing temperature of 60 °C) and 60 s extension at 72 °C, and a final extension of 30 min at 60 °C. An Eppendorf Mastercycler gradient thermal cycler (Eppendorf AG, Hamburg, Germany) was used for all reactions.
Successfully amplified loci were also tested for cross amplification in 45 species of Scleractinia (Anthozoa) and 1 species of Stylasteridae (Hydrozoa) ( Table 2) . A complete table of all species can be found in the Supplementary Table 2b online.
Fluorescently labelled PCR products were run on an ABI PRISM 3730 DNA Sequencer (Applied Biosystems), scored using the GeneScan-500 (LIZ) size standard, and analyzed with the GeneMapper software (Applied Biosystems).
Characterization of Novel Microsatellite Markers
Tests for Hardy-Weinberg equilibrium (HWE) and the presence of linkage disequilibrium (LD) for the newly developed markers were carried out in GENEPOP 4.1 (Rousset 2008 ) using default setting parameters; P values were adjusted with sequential HolmBonferroni corrections. Estimates of null allele frequency, error scoring, and large allele dropout were made using MICROCHECKER (Van Oosterhout et al. 2004) . Basic parameters of genetic variability and probability of identity (PI) were calculated using GENALEX 6.5 (Peakall and Smouse 2012) . Polymorphic information content (PIC) was calculated using CERVUS 3.0 (Marshall et al. 1998) .
Results and Discussion
Next Generations Sequencing: 454 Pyrosequencing Results
A total of 41 913 contigs with an average size of 334 bp (57.31% of the assembled reads) were obtained, consisting of 23 947 294 nucleotides, which accounts for approximately 5.70% of the D. dianthus genome, assuming a genome size of 420Mb (estimated from the size of Acropora digitifera; (Shinzato et al. 2011 ) (see Supplementary  Table 3 online). Contigs containing the microsatellites identified in this study have been deposited in GenBank (Accession numbers: KP737280-KP737303).
Genome-Wide Microsatellite Characterization, Screening, and Primer Testing
Perfect microsatellite sequences were identified for marker development by screening the unique sequences for 2-6 bp repeats. In total, MSATCOMMANDER and QDD2 identified 2819 microsatellites of at least 8 repeat units and 5930 loci of at least 5 repeat units, respectively. Of these, 43.31% were dinucleotide, 9.19% trinucleotide, 35.43% tetranucleotide, 9.68% pentanucleotide, and 2.38% hexanucleotide repeats. Primers were successfully designed for 776 microsatellites, and 94 primer pairs were chosen for testing and PCR characterization (Supplementary Table 3 online). In total, 24 of the 94 primer pairs produced reliable PCR amplicons that were scorable (Table 1) . Of these, the number of alleles (N A ) per locus varied from 3 to 16, with an average of 9.13 similar to that found in other corals (Le Goff and Rogers 2002; Underwood et al. 2006; Van Oppen et al. 2007; Morrison et al. 2008; Abdoullaye et al. 2010; Casado-Amezúa et al. 2011) . Polymorphism information content (PIC) estimates were reasonably to highly informative, as defined by Botstein et al. (1980) , who categorized loci with a PIC > 0.5 as highly informative, 0.5> PIC >0.25 as reasonably informative, and PIC < 0.25 as slightly informative (Table 3) . Observed (H Obs ) and expected (H Exp ) heterozygosities averaged 0.614 and 0.756, respectively, and similar to those found in other corals (Le Goff and Rogers 2002; Underwood et al. 2006; Van Oppen et al. 2007; Morrison et al. 2008; Abdoullaye et al. 2010; Casado-Amezúa et al. 2011) The probability of 2 randomly sampled corals having identical genotypes, based on the first 4 loci (DdL7, DdL13, DdL16, and DdL22), was estimated at 2.6 × 10 −6 , with a cumulative probability of exclusion (PE) of 99.19%, 95.44%, and 99.97% when, respectively, the genotypes of both parents were known, when only 1 parent was known, and when 2 putative parents were excluded. In the extreme situation that all individuals were in full-sibling relationships (considering the combination of all 24 loci), the PI was estimated at 2.7 × 10 −10 , and no matching multilocus genotypes were found. Therefore, the 4 microsatellites panel is theoretically sufficient for individual identification of any coral in the analyzed population.
Tests for linkage disequilibrium (LD) yielded one (DdL7, DdL102) significant P value (following the sequential Holm-Bonferroni correction) out of 276 pairwise comparisons; none of the remaining markers showed significant LD (P > 0.06), indicating that the loci are unlikely to be physically linked. Five markers exhibited significant deviations from HWE, notably having fewer heterozygotes than expected (Table 3) . Null allele frequencies were calculated using the Brookfield-1 method (Brookfield 1996) and the program MICROCHECKER. Loci DdL22 and DdL107 were determined to have false homozygote genotypes (Table 3) . Others potential causes are likely for loci DdL7, DdL58, and DdL84 where the presence of null alleles could not explain the excess of homozygosis and consequent departure from HWE. As reviewed by Dakin and Avise (2004) , null alleles are often reported in the population genetics literature, and several potential causes can lead to microsatellite null alleles: poor primer annealing due to nucleotide sequence divergence in 1 or both flanking primers (Kwok et al. 1990) , differential amplification of size-variant alleles (Wattier et al. 1998) , or PCR failure due to inconsistent or low DNA template quality (Gagneux et al. 1997) . Biological factors, such as the Wahlund effect, inbreeding or selection at or near a microsatellite locus, could also cause departures from HWE (Chakraborty et al. 1992 ). An alternative explanation could be due to the complex genetic structure of these organisms, due to large variances in reproductive success (and recruitment) and/or the possibility of asexual reproduction (Baus et al. 2005) . For these reasons, Dakin and Avise (2004) concluded that, under realistic situations, although uncommon or rare (allele frequencies <0.2) microsatellite null alleles might cause a slight underestimation of the average exclusion probability at a given locus, they are unlikely to be of sufficient magnitude to warrant great concern.
Even with an allele frequency threshold of <0.2, the presence of null alleles could not explain the departure from HWE for loci DdL58 and DdL84. Further analyses of more populations are necessary to better understand the potential causes of HWE departure for these loci. Neither significant scoring alleles nor evidence for large allele dropout were detected.
Nevertheless, an appreciable N A and PIC are showed throughout the novel loci, which could be considered highly polymorphic and informative. Furthermore, the negative assortative mating revealed by the fixation index F IS (range from −0.008 to 0.47) across the loci, confirmed that the most individuals are heterozygous and inbreeding process are not in act. Given these considerations, the novel loci developed here may be useful to infer population structure, larval dispersal, connectivity and gene flow across D. dianthus population.
Cross-Species Transferability
To date, the most common application of genetic studies in coral reef management is the use of population genetics data for implementing effective monitoring and management initiatives (e.g., design of Marine Protected Areas). Early discrepancies in coral population genetics data stem primarily from the difficulty in developing reliable, neutral genetic markers for studies on genetic connectivity in scleractinian corals (Ridgway and Gates 2006; Lundgren 2011) .
In the last decade, 862 microsatellite markers were developed for only 2.5% of scleractinian species, representing 12 families and 18 genera, with an average of 12 microsatellites per species (see Supplementary Table 2b online) (source: National Center of Biotechnology Information NCBI http://www.ncbi.nlm.nih.gov). The use of large scale, parallel-sequencing technologies may help overcome some of the technical limitations of coral genetic research by increasing the number of microsatellite markers, thus providing the conservation community with an extremely useful tool. N A , number of alleles per locus; N, number of individuals with successful amplification; H Obs , observed heterozygosity; H Exp , expected heterozygosity; F IS , fixation index; PIC, polymorphic information content; P HWE , P value from exact tests of HWE (*shows significant departure from HWE after application of Holm-Bonferroni). Values in parentheses represent adjusted P value using Brookfield-1, which were based on the Brookfield-1 estimator of null allele presence (NullEst).
Among closely related taxa, microsatellites and their flanking sequences are often conserved, greatly facilitating their use as genetic markers (Schlötterer and Harr 2001) . In this study, cross-amplification tests for 45 species, representing 40 genera and 10 families of Scleractinia, provided interpretable profiles for at least 1 locus (e.g., for the species Eguchipsammia serpentine, Endopachy grayi, Flabellum alabastrum, and Oculina patagonica; Supplementary Table 2a online), but up to 24 loci per species (L.pertusa) ( Table 2) . A complete table of results for all species can be found in the Supplementary Table 2a online) .
Caryophylliidae, as expected being the family of D.dianthus, was the family with the most successful amplifications, followed by Dendrophyllidae, with 24 and 14 loci, respectively, producing interpretable genotypes. Further detailed studies are ongoing for L. pertusa, given its genetic similarity with D. dianthus, as previously recognized by nuclear and mitochondrial marker analyses (Addamo et al. 2012) . Scorable genotyping data were also recorded for loci L82, L83, L98, and L107 in a non-Anthozoan species, Pliobothrus symmetricus, which belongs to the family Stylasteridae (Order Anthoathecata, Class Hydrozoa) ( Table 2) .
The fact that scorable genotyping loci were also working on coral species not phylogenetically closely related to D. dianthus, but informative for this species, is stressing the idea of the slow evolutionary rate that characterized corals, at least for the flanking regions. Nevertheless, the sizes of the different alleles genotyped were different for the different species tested, and thus, variability in the number of repetitions could be expected. As in a previous work published by Schlötterer (2000) , cross-species comparisons indicated that microsatellite loci can be conserved over long evolutionary time spans, but number of repeat and frequency of different repeat type varies between species. There is a significant negative relationship between microsatellite performance and evolutionary distance between the original species and the tested species. The proportion of polymorphic loci novel markers that amplified decreased with increasing genetic distance, suggesting that few repeats are preserved during evolution (Primmer et al. 1996) .
The reliability of these markers can be considered for application to phylogeography or population genetic studies for those species, where positive amplifications were successfully obtained in several loci (e.g., Caryophyllia, Paraconotrochus, Rhombopsammia) . Whereas for those distantly related species, where the positive amplifications were obtained for few loci, we could infer that microsatellite cross-species amplification will be a useful tool in phylogeny construction and in species identification, as it was previously envisaged by Primmer (1996) . The final proves will consist in sequencing all the obtained fragments for each locus, and amplifying them in different individuals (populations) and taxa to verify their information capacity, converting microsatellite into a highly versatile genetic marker.
In this study, novel polymorphic microsatellite markers revealed high efficiency in individual identification and therefore, will be useful for a wide range of future studies investigating population structure, genetic diversity, and parental verification in the deep sea coral D .dianthus.
Cross-species amplifications provide potential markers for species in which none have yet been identified, and new or common ones with species of particular interest (e.g., L. pertusa).
Overall, given these advancements, we are now better prepared to gather more knowledge of the reproductive biology of D. dianthus, its dispersal abilities and the genetic structure and gene flow among different populations along its geographical distribution, which would be highly informative for any conservation and management plan.
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Supplementary material can be found at http://www.jhered.oxfordjournals.org/. 
Funding
